porphyrias and porphyrin-accumulating mutants of Escherichia coli has already been mentioned (1) .
We reported previously the isolation of mutants of E. coli K-12 that were sensitive to visible light (2) . Most such mutants were defective in one gene, designated visA. The visA mutants were sensitive to visible light of about 460 nm but had no accentuated sensitivity to ultraviolet light. The visA gene is located at 11 min in the E. coli chromosome just downstream of the adk gene, and it encodes a protein of 320 amino acid residues. Since this protein showed 28% identity to the ferrochelatase from Saccharomyces cerevisiae (3), we suggested that the visA gene is the same gene as hemH, which was classically designated as encoding the enzyme.
In the present study, we have confirmed genetically that the visA gene does in fact encode the ferrochelatase and that the photosensitivity results from the accumulation of proto IX, as in the case of human protoporphyria. We also investigated the formation of active oxygen by photochemical reactions mediated by the endogenous proto IX.
MATERIALS AND METHODS
Bacterial Strains. All the bacterial strains used were derivatives of E. coli K-12 and are listed in Table 1 . VS200 is a deletion mutant of the visA gene. Photoresistant revertants were isolated from VS200 by mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (NTG). A hemin-permeable mutant was also isolated with NTG. The AsodA::lacZ CmR marker was transduced from QC772 by P1 transduction, as described by Miller (6) .
Media and Growth. The basic media used were LB and M9 minimal medium (7) . Fumarate minimal medium contained mineral salts (8) , 1% glycerol, and 50 mM sodium fumarate. NO3 minimal medium contained mineral salts, 0.5% glycerol, 1% potassium nitrate, and 1 ,uM ammonium molybdate. When required, media were supplemented with 0.2% glucose, 0.6% sodium succinate, 20 tkg of a particular amino acid per ml, 100 gg of 5-aminolevulinic acid (ALA) per ml or 10 pug of hemin per ml, unless otherwise noted. For illumination, plates were exposed to the light from two 40-W fluorescent lamps at a distance of 15 cm (about 7500 lux), and the liquid cultures in test tubes were illuminated by "a cold light" illuminator (HLS2150 type; Hoya-Schott, Tokyo). Dark controls were wrapped in aluminum foil and placed next to the experimental samples. Incubations were performed at 370C under aerobic conditions, unless otherwise noted.
DNA Clones. AvisA is a phage clone carrying the 3.5-kilobase EcoRI fragment that contains the visA gene (2); it was constructed by insertion ofthe 3.5-kilobase fragment into the EcoRI site of Agt-AC (9) . AkvisA was constructed as follows. The EcoRV-Nae I region within the visA gene was deleted from the 3.5-kilobase EcoRI fragment, and the fragment with the deletion was exchanged for the AC fragment of the vector phage Agt-AC. Because this phage, A~visA, does not have a phage attachment site (pop'), it cannot integrate into the host chromosome by phage functions. All the other A clones used have been described by Kohara et al. (10) . Plasmid pUR290 was described by Ruther and Muller-Hill (11) . Plasmid pHA1 was constructed by inserting the PCRamplified hemA gene, with flanking regions, into the vector pUC18. The nfo'-'lacZ fusion plasmid pHI201 (H. Ikehata and S. Yonei, personal communication) and the katG'-'lacZ plasmid pKT1033 (12) were kindly supplied by S. Yonei.
Deletion of the visA Gene Mediated by Phage A. AkvisA was lysogenized into the chromosome of CA274 by homologous recombination between the cloned fragment and the chromosome. The phage was cured by heat-pulse curing (13) . A deletion mutant was isolated by screening the cured isolates.
Mutagenesis with NTG. For isolation of photoresistant revertants, mutagenesis with NTG was carried out as described by Miller (6) . For isolation of hemin-permeable mutants, 0.1 ml of an overnight culture was spread on an LB plate supplemented with hemin, and 50 ,ul of a solution of 2 mg of NTG per ml was spotted on the center of the plates.
After overnight incubation, large satellite colonies were picked and checked for hemin-dependent growth.
Abbreviations: ALA, 5-aminolevulinic acid; proto IX, protoporphyrin IX; NTG, N-methyl-N'-nitro-N-nitrosoguanidine. *To whom reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Assays. Catalase was assayed qualitatively by allowing drops of 30% (vol/vol) H202 to fall on a colony or a lawn of bacteria and observing the evolution of oxygen gas. For the p-galactosidase assay, 1/1000th volume of an overnight culture was inoculated into LB broth and incubated for 4 hr in complete darkness. Then, after transfer of the cultures to various illumination conditions or to the presence of drug for 45 min, the amount of p-galactosidase was determined as described by Miller (6) .
RESULTS
Phenotypes of the visA Deletion Mutant. If visA truly encodes ferrochelatase, loss of the visA function should lead to the loss of activity of enzymes that require heme as a prosthetic group, such as the cytochromes and catalases. However, all of our visA mutants reported previously (2) were able to grow well with succinate as a carbon source, suggesting that they might have only partially lost the function of the visA product and may retain residual amounts of cytochromes and other hemoproteins. Therefore, we attempted to delete a portion of the visA gene on the chromosome, as described in Materials and Methods. The resultant strain (VS200) was more sensitive to light than the mutant strain VS101 (Fig. 1A) . As expected, VS200 was unable to grow on succinate, and even in rich medium it grew very poorly (doubling time, -80 min) (Fig. 1B) . VS200 also showed no catalase activity, although the point mutant VS101 did show detectable activity (data not shown).
Photosensitivity of visA Mutants Is not Caused by the Lack of Heme in the Cell. Because wild-type E. coli does not allow heme molecules to penetrate the cell membrane (14), a requirement for heme could not be tested by the addition of heme to the medium. Some E. coli mutants can, however, take up and utilize heme, in the form of hemin, when it is supplied in the medium (15) . We isolated hemin-permeable mutants from VS200. The growth of one such mutant (VS281) was accelerated with increases in the concentration of hemin in the medium and was restored to the wild-type rate by addition of hemin at 10 ,g/ml (Fig. 2) . We examined the photosensitivity of this mutant with and without hemin in the medium, and in both cases, the mutant bacteria were photosensitive ( Fig. 3) . Therefore, we concluded that the photosensitivity was not caused by an inability to produce heme. Isolation and Characterization of Revertants (Photoresistant Mutants) from the visA-Deleted Strain. To examine the mechanism of photosensitivity, we attempted to isolate photoresistant mutants from the visA-deleted strain VS200 after mutagenesis with NTG. Since a part of the visA gene was deleted in VS200, no true revertants of visA were expected; the revertants were exoected to be double mutants in the visA gene and in related genes. In total, 73 independent revertants were selected and analyzed. All of them grew at about the same rate as the parental strain VS200, but none grew as rapidly as the wild-type strain CA274. They showed no catalase activity (data not shown). Complementation of the Each strain was cultured overnight in the dark with shaking and was inoculated into 5 ml of LB medium (at a final concentration of 2 x 106 bacteria per ml) in plastic Petri dishes. The bacterial cultures were first kept in the dark for 1 hr and then transferred to the light (-7500 lux, at a position 15 cm below two fluorescent lamps, Hitachi Sunlight FL40SSD/37-G, 40 W). At intervals, samples of the illuminated bacteria were withdrawn and plated on LB plates at appropriate dilutions. The plates were incubated in the dark for counting of the colonies. (B) Growth of the AvisA mutant. Cultures of the various strains were diluted with LB medium supplemented with glucose and incubated in the dark. At intervals, aliquots of the bacterial culture were plated on LB plates at appropriate dilutions. The plates were incubated in the dark for 2 days before counting the colonies. x, CA274 (wild type); *, VS200 (AvisA); *, VS101 (visA). Cultures ofeach strain were diluted to an ODw0 of0.01 with LB broth supplemented with the indicated concentrations of hemin. After 6 hr of incubation, the OD60 was determined. e, CA274 (wild type); *, VS281 (AvisA hemin permeable); A, VS200 (AvisA). The difference between VS281 and VS200 without hemin may be due to the state of the starting culture, because VS200 did not grow as vigorously as other strains, and apparently its growth potential was exhausted prior to the stationary phase.
revertants with AvisA, which contained the entire visA gene, was examined. As shown in Fig. 4A , none of the revertants restored the normal growth rate, in spite of positive complementation ofthe parental strain. From these observations, we concluded that, in addition to the AvisA mutation, these Table 1. revertant strains had second mutations in other genes necessary for respiration.
Identification of hem Mutants Among the Revertants. Given that the above-mentioned revertants no longer formed the red-brown colonies characteristic of severely defective hemH mutants (2, 16), we hypothesized that they might be defective in the heme synthetic pathway at a step before that catalyzed by the product of hemH. To confirm this possibility, complementation of the respiratory defect of the AvisA lysogens was again examined, but this time the plates were supplemented with ALA, a specific intermediate in the synthesis of heme (17, 18) . If a mutant had a blockage in the biosynthesis of heme at the step before formation of ALA, the AvisA lysogen of the revertant should have restored respiratory ability, forming larger colonies. As shown in Fig.  4B minimal medium in a 10-ml test tube. The minimal media were supplemented with 0.1% Casamino acids and 20 mg of tryptophan per ml. For anaerobic conditions, tubes were tightly capped with rubber stoppers, and the air inside was replaced by N2 gas, bubbled through the needle of a syringe. After overnight incubation, the OD660 was determined. The values given are as the (OD660 of VS101)/(OD6o of CA274). + 02, aerobic conditions; -02, anaerobic conditions. Light, tubes were illuminated at 7500 lux; dark, tubes were kept in the dark.
type growth rate after they were crossed with a AvisA lysate. Thus, it was evident that the second sites of mutation in these 48 revertants lay in the biosynthesis of heme that precedes the formation of ALA. Next, since the DNA sequences of some of the hem genes have been reported (15, 19, 20) , we searched for clones in which such genes were located by comparing the genetic maps and the restriction maps in Kohara's ordered A library (10) . We found that the hemA and the hemB genes and the hemC hemD operon were carried on clones 4D10, 8F10, and 12G1, respectively. Each of these three A clones was lysogenized along with AvisA, and the complementation of the respiratory defect was examined. Of the 48 revertants that showed ALA-dependent growth in the previous experiment, 46 exhibited restoration of normal growth when lysogenized with phage clone 4D10. These results were also confirmed by complementation with plasmid pHA1, in which only the hemA gene was cloned (data not shown). Thus, we conclude that the sites of the second mutation are located in the hemA gene. In the same way, revertants 16 and 3 showed restored respiratory ability when lysogenized with phage clones 8F10 and 12G1, respectively, suggesting that in these cases the sites of the second mutation were in the hemB gene and hemC hemD operon (Fig. 4C) . Addition of ALA Caused Photosensitivity of the hemA Revertant. The fact that the second mutation in the hem genes eliminated the photosensitivity of the AvisA mutant might indicate that interruption of the heme biosynthetic pathway at proto IX is critical. We confirmed this possibility by adding ALA to the medium, bypassing the hemA function. The AvisA revertants harboring a second mutation in the hemA gene again displayed photosensitivity when ALA at 100 ,gg/ml was added to the plates, whereas the revertants in the other hem genes did not (data not shown). From these observations, we can conclude that a genetic block at the step from proto IX to heme is critical to the photosensitivity.
Molecular Oxygen Is Required for Photosensitivity. It has been reported that various kinds of active oxygen are formed from molecular oxygen by the photochemical reaction of proto IX. If this reaction is the cause of the light-sensitive phenotype of the visA mutant, mutant cells should not show photosensitivity when they are deprived of oxygen. We examined the growth of the visA mutant under various conditions. As shown in Table 2 , the visA mutant can also grow in the light when oxygen is absent, clearly supporting the above possibility.
Induction of Genes Inducible by the Active Oxygen. Among the genes that respond to the stress caused by active oxygen, the regulation of sodA, nfo, and katG has been extensively studied (21) (22) (23) (24) . The former two genes are induced by the superoxide radical (02), and the latter is induced by hydrogen peroxide (H202). We investigated the induction of these three genes by means of gene fusions to lacZ. VS101 and CA274 were transformed with pHI201, which carries the nfo'-'lacZ fusion, or with pKT1033, which carries the katG'-'lacZ fusion. The transformants were used for the assay of inducible 6-galactosidase activity. In addition, the sodA'-'lacZ fusion gene in strain QC772 was transduced by phage P1 to VS101 and CA274, and the resultant strains, VS111 and VS011, were also examined. Plasmid pUR290 carrying the intact lacZ gene was used to transform VS101 and CA274, and these strains were used as controls. As shown in Table  3 , the visA mutants showed a several-fold induction of /3-galactosidase activity in the case of the sodA and nfo fusions, even in the dark. Compared with the extent of induction by their chemical inducer, however, no significant induction by light was observed in any strain.
DISCUSSION
From the following two pieces of evidence, it is clear that the product of the visA gene participates in the biosynthesis of heme. First, the bacterial cells lost the ability to grow on a nonfermentative carbon source when the product of the visA gene was absent. Second, in the hemin-permeable derivative of the AvisA mutant, the respiratory deficiency was rescued by the addition of hemin to the medium. Moreover, from our previous finding that visA maps very close to hemH (the structural gene for ferrochelatase) and that its product exhibits 28% amino acid identity to the ferrochelatase from yeast (2) , it was suggested that the visA gene encodes the ferrochelatase and is the same gene as hemH.
Because the addition of hemin to the medium did not cure photosensitivity even in the hemin-permeable strain, the lack of heme in the cell cannot explain the photosensitivity. We tThe inducer for lacZ, sodA, and nfo was 10 ,uM paraquat. The inducer for katG was 40 ,uM H202.
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Proc. Natl. Acad. Sci. USA 88 (1991) isolated 73 independent photoresistant revertants from the AvisA strain. Every one exhibited the respiratory defect, even when the visA gene was supplied by the visA+ transducing phage. Therefore, the second-site mutations, which suppressed the photosensitivity, seemed to be in genes involved in respiration. In fact, at least 67 of them proved to cause blockage at other steps in the heme biosynthetic pathway (i.e., before the formation of proto IX). In the revertants with the hemA mutation, in which biosynthesis of heme was blocked before the synthesis of ALA, the photosensitivity was again observed when ALA was supplied in the medium. These observations support the conclusion that the lack of heme does not cause photosensitivity, but rather that the blockage of the biosynthetic flow from proto IX to heme is responsible for the photosensitivity. By analyzing more and as yet unidentified revertants, we should be able to find other mutants in the genes for the biosynthesis of heme that have not yet been cloned, and we may also find other genes involved in the photosensitivity.
Cox and Charles (16) reported that hemH mutants accumulate proto IX in the cell and, as a result, their colonies are red in color. Colonies of our AvisA strain VS200 are also red in color, and this coloration should be due to the accumulation of the same compound. Although the colonies of the visA strains VS101-104, which were described previously (2) , were not red in color under the usual growth conditions, they were red under some growth conditions [e.g., during incubation at 420C (2) or after addition of excess ALA to the medium (data not shown)]. We suggest that some proto IX also accumulates in the mutant cells and is the cause of the photosensitivity, as in the case of the disease protoporphyria in humans.
The photosensitivity of the visA mutant was not observed under anaerobic conditions. This phenomenon can be interpreted in either of two ways. First, molecular oxygen (02) is indispensable for the photosensitivity. Second, under anaerobic conditions less heme is required by the cell and the synthesis of heme is not active enough to generate toxic levels of proto IX. The second possibility seems to be less probable because the visA mutant can grow in the light when NOj or fumarate, instead of 02, is used as the terminal electron acceptor. For such anaerobic respiration, cytochromes and other hemoproteins should be required for growth as they are in the case of aerobic respiration (25) .
In protoporphyria, some forms of active oxygen are photochemically produced from 02. In some reports, singlet oxygen (102) has been proposed as the product (26, 27) , but in another report the formation of 0°-was also suggested (28) . The requirement of oxygen for the photosensitivity of our mutant also suggests that some kinds of active oxygen are produced in the light. Two enzymatic defense systems that act against oxidative stress are known in E. coli. They are activated under the control of products of the oxiR and soxR genes and are induced in response to stress caused by H202 and,°2 respectively (29) (30) (31) . We investigated the induction by light of three genes under the control of these two genes (katG, coding for the catalase-peroxidase hydroperoxidase I, under the control of the oxiR regulon; and sodA, coding for the Mn-superoxide dismutase, and nfo, coding for endonuclease IV, both under the control of the soxR regulon). When compared with the wild type, the visA mutant showed a certain level ofoverexpression ofthe sodA and nfo genes, but no significant induction by light was observed. This observation may indicate that H202 and 0-are not evolved as a result of illumination. We speculate that the toxicity is due mainly to '02. At present we have no explanation for the induction of the sodA and nfo genes at the basal level. However, the accumulated proto IX may produce a certain amount of°2 even in the absence of light.
